insertion is tagged with a unique 20-nucleotide barcode (29). As transposon insertions 1 0 5 are only mapped once for a given library, this reduces the effort to use that library for 1 0 6 fitness contributions of genes in multiple conditions. Changes in relative barcode 1 0 7 abundance over time are used as a proxy for the relative fitness contribution of a given 1 0 8 gene in a given condition. This method can be used to associate bacterial genes with 1 0 9 their importance to fitness in different growth conditions, and has been used to improve 1 1 0 genome annotations for diverse bacteria (30). Of particular importance for this current 1 1 1 study is the ease and scale with which this method could be used to associate genes 1 1 2 encoding transporter proteins with their likely substrates. Here, we used RB-TnSeq to 1 1 3 identify likely substrates for B728a efflux transporters, with a particular focus on 1 1 4 complementary RND homologs of MexAB-OprM. To test the role of redundant RND efflux proteins in vitro, we created a barcoded 1 1 9 mariner transposon library in a ∆ mexB strain. Comparisons of gene fitness in the mutant 1 3 2 mutation, we expressed mexAB and mexAB-oprM under the native promoter in the 1 3 3 ∆ mexB mutant strain. While the ∆ mexB strain containing the plasmid to express the 1 3 4 entire operon was able to tolerate acriflavine and berberine at WT levels, the ∆ mexB 1 3 5 strain expressing only mexAB was not ( Fig. S1 ). This indicates that the ∆ mexB 1 3 6 transposon library does not produce a functional OprM. We successfully assayed fitness for 16 unique antimicrobial compounds (Table S2 ). For 1 4 3 each gene, fitness is calculated as the log 2 ratio of barcode abundance following growth 1 4 4 in a given condition relative to barcode abundance measured initially at time0. As 1 4 5 expected, insertions in the majority of genes did not contribute to fitness as measured 1 4 6 by relative barcode abundance in the population, and thus the fitness scores for most 1 4 7 genes were close to 0. A mutant with a fitness score of -1 is approximately 50% less 1 4 8 abundant relative to the typical strain in the library under that experimental condition. For many substrates, the dominant activity of MexAB-OprM seen in other species 1 5 2 was expected to mask any requirement for complementary transporters. We therefore 1 5 3
MexAB-OprM complex, since insertions elsewhere in the mexAB-oprM operon did not To identify efflux transporters that had the largest contribution to tolerance of 1 7 5 various toxicants, we calculated the number of compounds in which genes encoding 1 7 6 transporters or transporter components had a fitness score less than -1. RND 1 7 7 transporters generally had a larger contribution to toxin tolerance in the ∆ mexB library 1 7 8 than in the WT, but some were important in both backgrounds (Table 1) and phloretin. The lack of a phenotype for mutants in the WT background is consistent 1 9 0 with the likely subsidiary role of this transporter for these shared substrates, and 1 9 1 therefore masking by the more highly expressed MexAB-OprM under these conditions. Psyr_2483-5 is likely redundant with MexAB-OprM for the substrates acriflavine, other Pseudomonads, such as P. aeruginosa PAO1 (Table S3 ). MexCD (Psyr_2282-3) was required for full competitive fitness in the presence of 1 9 9 acriflavine, berberine, erythromycin, and nalidixic acid ( Fig. S2 ). Importantly, these 2 0 0 phenotypes could be seen in both the WT and ∆ mexB backgrounds. Negative fitness 2 0 1 scores for insertional mutants in this operon were, however, greater in the WT 2 0 2 background, although this may have been at least partially due to the higher toxicant for such a required component is likely located elsewhere in the genome. Of the compounds tested here, Psyr_0344-6 only contributed to tolerance of 2 0 7 phloretin in the ∆ mexB background ( Fig. 4) . Interestingly, the disruption of any gene in 2 0 8 this operon resulted in a mutant strain that was more fit than mutants of other genes 2 0 9 when exposed to acriflavine, berberine, or nalidixic acid, but only if mexB was also 2 1 0 absent. This operon likely requires an unknown outer membrane protein located 2 1 1 elsewhere in the genome. The same computational analysis was used to interrogate the MFS and other Psyr_0228 contributed to competitive fitness in both acriflavine and acridine orange 2 1 9 ( Fig. 5 ). Interestingly, this gene contributed to acriflavine resistance even in a WT 2 2 0 background, indicating that its role was independent of mexB. In contrast, this gene and mildly decreased fitness in acriflavine, independent of the mexB genotype ( Fig. 6 ).
4
In the ∆ mexB strain, disruption of Psyr_0541 resulted in a mild susceptibility to 2 2 5 carbenicillin ( Fig. 6 ). Most genes annotated as encoding ABC transporter subunits were putative 2 2 9 amino acid or carbohydrate transporters. In the conditions tested, several ABC 2 3 0 transporters were required for competitive fitness in the rich media controls. For Overlapping substrate specificities between transporters 2 3 9
The MDR efflux transporters tested here displayed a range of apparent Psyr_0228 and Psyr_0541 contributed to resistance to only a few toxicants. However, The fitness contributions of the various transporters were all conducted at a given 2 5 0 concentration of a particular toxicant. The lower fitness seen for various mutants 2 5 1 suggested a hypersensitivity to that compound. To demonstrate however that disruption 2 5 2 of these transporters reduced the concentration of the toxicant at which any growth 2 5 3 could occur we constructed targeted deletion mutants of the substrate binding proteins MexF, MuxB, and MexK (Psyr_0346). We used zone of inhibition (ZOI) assays to transporters is either to genetically disrupt genes encoding MDR efflux transporters, as 2 8 4 discussed previously, or chemically inhibit them (22, 24, 38) . Here, we were able to use Among those transporters with an incremental role in tolerance were mexEF-2 9 1 oprN and muxABC-opmB. These transporters however, were only important for a 2 9 2 subset of the MexAB-OprM substrates tested. We expected MexEF-OprN to be OpmB is an unusual RND operon because it is expected to have two inner membrane OprM and OprN in Pseudomonas species) can couple to many different transporters, genotypes. We should emphasize however that nearly all of the compounds tested here 3 1 5
were known MexAB-OprM substrates. In such a scenario, it might be expected that products that bacteria such as P. syringae would encounter in its myriad of habitats, it 3 2 2 seems likely that many would be found for which these other efflux transporters might selection, suggesting the importance in at least some settings encountered by this 3 3 0 cosmopolitan bacterium. While we observed redundancy in efflux transporter function, benefit the cell to have multiple mechanisms of resistance for a given toxicant. In Gram-negative bacteria, inner membrane transporters such as those in the 3 3 4 most MDR RND transporters, we reasoned that inner membrane transporters might the proton motive force. If this were true, we would expect to observe that inner ammonium compounds, and it is noteworthy that Psyr_0541 was found to be necessary substrates is another matter. Here we show that RB-TnSeq can be used to characterize redundancy is essential to our understanding of not just clinical antibiotic resistance, but 3 6 7 also the role of these abundant proteins for bacterial survival in diverse environments. Using RB-TnSeq in a hyper-susceptible mutant strain allowed us to examine the 3 6 9 role of alternative transporters that might not otherwise be active or discernible. Furthermore, plant-produced compounds are often not as toxic to bacteria as common 3 7 1 antibiotics produced by bacteria or fungi, and this has been hypothesized to be due to transporters can be more substrate specific. This may help explain the abundance of 3 7 8 partially redundant MDR efflux transporters found in many bacteria, especially those 3 7 9 strains typically found in environments with exposure to diverse toxic chemicals. strains S17-1, TOP10, and XL1-Blue were grown on LB agar or in LB broth at 37˚C. When appropriate, the following antibiotics were used at the indicated concentrations: 100 µg/ml rifampicin, 50 µg/ml kanamycin, 15 µg/ml tetracycline, 100 µg/ml 3 9 0 spectinomycin, and 40 µg/ml nitrofurantoin. sequence that would include potential promoter regions. These PCR products were 3 9 6 ligated into the XbaI and EcoRI restriction enzyme sites of the plasmid p519ngfp (46). The ligation mixture was subsequently transformed into chemically competent E. coli 3 9 8 XL1-Blue. Plasmids were confirmed to contain the correct insertion sequences by Sanger sequencing, and then electroporated into the E. coli donor strain S17-1. In vitro growth of the library 4 1 9
MFS can function cooperatively with outer membrane transporters (like RND
Aliquots of the transposon libraries that were stored at -80˚C were removed from 4 2 0 cold storage, thawed, and inoculated into 25 ml fresh KB with 100 µg/ml kanamycin and We focused our initial analysis on genes that are homologous to mexAB-oprM. In the Transport Database (membranetransport.org) (32), B728a is annotated as 4 5 5 containing 16 RND transporters. We manually curated this list of genes to focus on 4 5 6 those operons potentially involved in "multidrug resistance": namely known mex genes 4 5 7 or operons containing an "acriflavin resistance" or "hydrophobe/amphiphile efflux-1" and 4 5 8
HlyD secretion protein. We filtered out 2 pseudogenes and 6 genes with known or likely 4 5 9 unrelated function: protein export proteins SecD and SecF (Psyr_1230-1), syringomycin passed quality control in both libraries. We focused on pumps where multiple encoding 1 6 genes in the same operon contributed strongly to competitive fitness (fitness score < -4 6 6 1). As a negative control, the 8 genes with expected functions unrelated to drug 4 6 7 resistance were confirmed to not be required in any conditions tested (fitness > -0.5 in 4 6 8 both libraries). We performed the same analysis using 68 predicted MFS genes (a 0 24. Rempe CS, Burris KP, Lenaghan SC, Stewart CN. 2017. The potential of systems Pseudomonas syringae is linked to the water cycle. ISME J 2:321-334. compound is an apparent substrate of that transporter, with insertional mutants of a 7 0 4
given gene having decreased fitness (fitness score less than -1) in the WT and/or the Mean values are displayed as column height. For each compound tested, means 7 1 1 marked with the same letter do not differ at p = 0.01 using Tukey's HSD test. The lower 7 1 2 limit of measurement is 6 mm (dotted line). Tables   7  1  4   7  1  5   Table 1 . RND operons homologous to mexAB-oprM that likely contribute to multidrug 7 1 6 resistance. The number of experimental conditions where they have a significant 7 1 7 contribution to fitness (fitness value less than -1) is shown for mutants in a WT and 7 1 8 ∆ mexB background. A total of 23 treatments were examined, including 2 KB controls, 2 7 1 9 DMSO controls, and 16 unique compounds (3 at two concentrations). 
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